H ighly active antiretroviral therapy has allowed HIVinfected individuals to live longer and face a new set of health challenges. In particular, HIV-infected individuals have a higher prevalence of coronary artery disease, which has been demonstrated both using clinical end points [1] [2] [3] and utilizing high-resolution ultrasound to assess carotid artery intimamedia thickness (IMT). 4, 5 Although some studies have shown an increased carotid IMT in the setting of HIV infection, [4] [5] [6] other studies have not confirmed this finding. 7, 8 These differences among studies may be due in part to limited sample size in some studies, different patient populations, and the method of imaging utilized by the investigators. The common carotid bifurcates into the internal and external carotid arteries; the bifurcation region is also referred to as the carotid bulb. Although most studies have focused on the more readily studied common carotid artery, fewer studies have also included assessment of the internal carotid and bifurcation regions.
Atherosclerotic lesions tend to occur at areas experiencing low endothelial shear stress which are local wall stresses that are generated by patterns of blood flow, such as the carotid bifurcation region. 9 Low shear stress promotes atherosclerosis by a variety of mechanisms, including impairment of endothelial function by downregulation of eNOS and upregulation of endothelin-1, 10 increased endothelial uptake of LDL, 11 promotion of oxidative stress, 12, 13 and increased plaque thrombogenicity. Low endothelial shear stress also enhances the pro-atherogenic effect of chronic inflammation, because it allows for the attachment and infiltration of inflammatory cells via activation of NF-κB 14, 15 and subsequent upregulation of adhesion molecules, chemokines, and pro-inflammatory cytokines. 16 Low endothelial shear stress has also been implicated in the transition of stable atherosclerotic lesions to vulnerable plaques resulting in acute coronary syndromes via a combination of vascular inflammation, change in the extracellular matrix, and wall remodeling. 17 On the basis of emerging studies that untreated and treated HIV disease is associated with chronic inflammation [18] [19] [20] and the observations that inflammation preferentially affects certain regions of the carotid, 9 we hypothesized that HIV-infected individuals may exhibit more rapid IMT progression in the carotid bifurcation site compared with uninfected individuals. We therefore assessed carotid IMT in the common, internal, and bifurcation sites over time in a large cohort of HIV-infected and -uninfected adults. We also assessed carotid plaque and development of plaque during follow-up. We also hypothesized that chronic HIV-associated inflammation would be associated with accelerated atherosclerosis.
Materials and Methods

Participants
Study participants were obtained from the SCOPE cohort, which consists of patients followed at San Francisco General Hospital and the San Francisco Veteran's Affairs Medical Center. HIV infection status was confirmed using HIV antibody testing. Study participants were consecutive volunteers from the SCOPE study who agreed to participate in the study. Given our ongoing interest in defining the HIV-associated factors associated with cardiovascular risk independent of treatment toxicity and high-level viremia, 21 we enriched our study population with rare individuals who controlled HIV replication indefinitely in absence of therapy ("elite" controllers). 22 We categorized the cohort into four groups on the basis of their treatment status and virologic control at the baseline visit: (1) antiretroviral treated with undetectable viral loads using conventional assays (typically <40 to 50 copies/mL), (2) antiretroviral treated with detectable viremia, (3) antiretroviral untreated with detectable viremia (noncontrollers) and (4) antiretroviral untreated with undetectable viremia (elite controllers). Uninfected control subjects were recruited from San Francisco General Hospital, friends/acquaintances of HIVinfected study participants, and from advertisements placed around the hospital and San Francisco community. Controls were documented to be HIV-antibody negative before each IMT study. All participants were not preselected with respect to cardiovascular risk factors or coronary artery disease. The UCSF Committee on Human Research approved this study, and all individuals provided written informed consent before study enrollment.
Clinical and Socio-Demographic Characteristics
Detailed interview and assessment of all study participants was performed by research staff at the time of enrollment. This assessment included ascertainment of cardiovascular disease (CVD) risk factors, past and present medication usage, and drug use. HIV disease characteristics including duration of HIV infection and current and prior antiretroviral medication were assessed in HIV-infected individuals.
Laboratory Assays
Blood was drawn in the fasting state and used to measure total cholesterol, HDL cholesterol, and triglycerides. LDLcholesterol was calculated by Friedewald's formula 23 except for individuals who had triglycerides ≥4.56 mmol/L, where it was measured directly. C-reactive protein was measured using a high-sensitivity assay (Dade Behring, Deerfield, IL). The nadir CD4 + T cell count was defined as the lowest laboratoryconfirmed value before the baseline IMT scan.
Carotid Artery Intima-Media Thickness
We assessed the carotid IMT using the GE Vivid 7 system and a 10-MHz linear array probe as described previously. 5 IMT was measured in 12 segments that included the near and far walls of the common carotid, bifurcation region, and internal carotid region on both the left and right sides, according to the standardized protocol of the Atherosclerosis Risk in Communities (ARIC) Study. 24, 25 The right and left carotid arteries were studied with the head in the midline position and tilted upward. The probe was then adjusted to obtain the near and far walls in a parallel orientation and then positioned to obtain the maximal luminal diameter in the longitudinal plane. Images were recorded digitally using a cine-loop format for subsequent analysis using manual caliper assessment of the digital images. Within each segment (common, internal, bifurcation region), IMT was calculated as the average of the near and far walls of the left and right carotid arteries. A single experienced technician who was blinded to the subjects' HIV status performed all the IMT studies and caliper measurements of the digital images. Both external and internal landmarks were then identified and used at the subsequent visit to ensure that the measurements were performed at the same locations on the follow-up visits. Repeat scans and measurements were performed on 12 patients within 1 week and repeat measurements were performed on 15 patients; the mean absolute difference was 0.040 mm with a coefficient of variation of 3.4% and an intraclass correlation coefficient (ICC) of 0.98. For all study participants, the median overall follow-up time (between baseline and the last available IMT measurement) was 2.4 years (interquartile range, IQR, 1.4-4.1, range: 0.6 to 7.2 years). Follow-time was variable as study enrollment is ongoing, and thus newly enrolled individuals have shorter follow-up. The median number of IMT procedures was 3 (IQR, 2-8); IMT studies were performed annually on both HIV-infected individuals and controls. The number of missing IMT segments at each site was lowest for common and highest for internal, and was slightly higher but not statistically different for HIV-infected compared with control participants (Table 1) . Carotid plaque was defined as a focal region of IMT greater than 1.5 mm as recommended per the Society for Vascular Medicine (American Society of Echocardiography) guidelines. 26 
Statistical Analysis
The following baseline characteristics were considered as candidates for inclusion in multivariable models: demographics, traditional CVD risk factors, HIV-related factors, comorbidities, and laboratory parameters. A limited number of characteristics were collected at follow-up visits, and were included as timevarying covariates in sensitivity analyses: HIV RNA, antiretroviral use, HIV disease category, and hsCRP. CVD risk factors included smoking (ever vs. never, duration, and current), diabetes, systolic and diastolic blood pressure, HDL and total cholesterol. HIV-related factors included HIV duration, HIV disease category, viral load, current and nadir CD4 count, prior opportunistic infection, and antiretroviral use. Comorbidities included hepatitis C, hypertension, antihypertensive medication, lipid lowering medication, testosterone medication, prior coronary artery disease/stroke, current aspirin usage, family history of CVD, and BMI. Laboratory parameters included hsCRP, triglycerides, and glucose. Right-skewed variables such as hsCRP and CD4 count were log-transformed to normalize their distributions. Smoothing splines were constructed using generalized additive models in order to examine the relationship of hsCRP with IMT.
The association of HIV status with carotid IMT levels and progression was assessed using linear mixed models, with random intercepts and slopes using a first-order antedependence covariance structure. Interaction terms between HIV status and time were used to determine whether the rate of progression in IMT differed between HIV-infected and -uninfected participants. The association of HIV status with prevalence of plaque at baseline was assessed using Poisson regression with a robust variance estimator, and the association of HIV status with risk of incident plaque was assessed using Cox proportional hazards models. We applied a staged modeling approach, first adjusting for demographic characteristics, next adjusting for traditional CVD risk factors (as listed above), and finally adjusting for hsCRP. "Interaction terms between each covariate (including HIV status) and time were used to determine and compare rates of change in IMT."
Adjusted IMT progression was calculated for HIV-infected and -uninfected participants using population marginal means from a linear mixed model with dependent variable of IMT, containing all terms in the final model. To account for those without measured IMT at a given study visit due to loss to follow-up or drop-out, we performed sensitivity analyses using an inverse probability weighting approach by modeling each participant's probability of having measured IMT at each time point. Results were similar to the primary observed models (data not shown). All analyses were conducted using SAS version 9.2 (SAS Institute, Inc., Cary, NC).
Results
Baseline Characteristics
Carotid IMT was measured in 300 HIV-infected and 47 HIVuninfected participants. On average, HIV-infected participants were older (median age 47 vs. 43), were more often African American, had a higher prevalence of smoking, hypertension, and dyslipidemia, and had higher levels of hsCRP ( Table 2 ). The median duration of HIV infection was 13 years, and 70% of participants had used antiretroviral therapy for a median duration of 5 years. Baseline characteristics stratified by disease category are provided in Table 3 .
Association of HIV infection with Baseline Carotid IMT Levels
At baseline, mean levels of IMT were significantly higher in HIV-infected participants compared with controls at all sites ( Figure 1A ). After demographic adjustment (Table 4) , HIV infection remained associated with higher overall IMT levels compared with control participants at all measured sites: internal (+0.176 mm, P=0.0037), common (+0.095 mm, P<0.0001), bifurcation (+0.257 mm, P=0.0003), and mean IMT (+0.158 mm, P=0.0002). This HIV association was unattenuated after adjusting for traditional CVD risk factors. Further adjustment for baseline hsCRP and change from baseline in hsCRP resulted in little change in the association of HIV infection with higher IMT (data not shown).
Rates of Change in IMT by HIV Infection Status
After adjusting for demographic, CVD risk factors, and hsCRP, HIV infection was associated with faster progression for mean IMT (+0.031 mm/year, P=0.016, Figure 1B and Table 5 ). This difference in IMT progression rates was most clearly seen in the bifurcation region (+0.040 mm/year, P=0.042). In contrast, the difference between HIV-infected and control participants in progression did not reach statistical significance for internal (+0.033 mm/year, P=0.16) and common IMT (+0.012 mm/year, P=0.20). Similar results were seen in more parsimonious models that retained only statistically significant factors (Table 6 ). Additional sensitivity analyses showed similar results when we excluded those with hyperlipidemia, diabetes, or hypertension.
Among HIV-infected individuals, the rate of progression in the bifurcation region was more rapid compared with the common carotid (+0.034 mm/year, 95% CI, 0.025-0.043, P<0.0001), internal (+0.014, 95% CI, 0.002-0.026, P=0.018), or mean IMT (+0.012, 95% CI, 0.003-0.021, P=0.0057). By contrast, rates of progression among the uninfected controls were similar at all sites, and tests of differences did not reach statistical significance (P>0.38 for all). As a sensitivity analysis, 5% of individuals with the largest outliers were removed, and the difference in rate of progression between HIV-infected and -uninfected individuals remained similar to the original analysis (as shown in Table 7 ).
Rates of Change in IMT by HIV Treatment Status and Disease Category
We also compared rates of IMT progression of HIV-infected participants by disease category. All four disease categories showed higher baseline IMT levels compared to controls (P<0.0001 vs. controls at all sites). All four disease categories appeared to have faster rates of overall IMT progression relative to controls, but after controlling for other risk factors, the differences reached statistical significance only for elite controllers (P<0.01 vs. controls for internal and mean) and treated unsuppressed patients (P<0.05 vs. controls for bifurcation and mean). The rates of progression within each region (common, internal, bifurcation) exhibited comparable trends to that observed for overall mean IMT. After adjustment for demographics, CVD risk factors, and hsCRP, rates of IMT progression were numerically higher in HIV-infected groups compared with the controls, although most differences were not statistically different. Similar results were seen in models that included disease category as a time-varying covariate.
hsCRP and IMT Progression
At baseline, hsCRP values were higher among all HIV-infected subjects (median 17.14 nmol/L, IQR, 7.62-41.91) compared 
027).
A graphical examination showed that increasing hsCRP appeared to be associated with both higher levels of IMT and faster progression in the bifurcation region ( Figure 2) . In a fully adjusted model (Table 5) , there was a trend toward an independent association between hsCRP and bifurcation progression; this effect was stronger in the parsimonious model which demonstrated that hsCRP was independently associated with statistically significant progression in the bifurcation region ( Table 6 ). The HIV effects were nearly the same in the full model as compared with the parsimonious model.
Evaluation of plaque at baseline and followup
The prevalence of plaque at baseline in any segment was greater in HIV-infected individuals compared with uninfected participants (50% vs. 23%, P<0.0001); even after multivariable adjustment for traditional CVD risk factors and hsCRP, HIV infection remained associated with 2-fold higher risk of plaque (95% CI, 1.26-3.14, P=0.0033). HIV-infected subjects also had a higher prevalence of plaque compared with controls in the internal (23% vs. 6.4%, P=0.0037) and bifurcation (34% vs. 17%, P=0.014) segments, whereas the prevalence in the common segment was low in both groups (5.3% vs. 0%, P=0.14). After excluding individuals with plaque present at baseline, HIV-infected individuals had a higher risk of incident plaque over the follow-up period (44% vs. 2.8%, P<0.0001). Similarly, the incidence of plaque was significantly higher in the internal (27% vs. 4.5% P=0.0007) and bifurcation segments 29% vs. 5.1%, P=0.0010) of HIV-infected persons compared with controls whereas little difference was seen in the common carotid region (8.1% vs. 2.1%, P=0.22).
Discussion
CVD continues to be an important health concern among HIVinfected individuals. 27, 28 Although a number of studies have demonstrated that individuals with HIV infection are at increased risk for myocardial infarction, 2, 29, 30 the underlying mechanisms associated with CVD and HIV infection remain to be described. Assessment of IMT using high-resolution ultrasound is a noninvasive technique that is predictive of future cardiovascular events and represents a direct quantification of subclinical vascular disease. 26 Using this well-accepted measurement of atherosclerotic disease, we performed a comprehensive longitudinal assessment of IMT in a large heterogeneous cohort of HIV-infected and uninfected individuals, and found that HIV infection was independently associated with more rapid IMT progression in the carotid bifurcation region, with weaker associations in the other segments. Chronic inflammation-as defined by hsCRP levels at baseline-was elevated in HIV-infected subjects and was independently associated with IMT progression in the bifurcation region using a parsimonious model, although this effect was diminished in the fully adjusted model. HIV infection was independently associated with prevalence of plaque at baseline and was associated with greater incidence of plaque during followup; additionally, HIV-infected individuals had higher rates of plaque in the bifurcation and internal carotid regions as compared to controls. When considered in the context of emerging data from the general population, which suggest that the carotid bifurcation region is uniquely prone to the effects of chronic inflammation, our data are consistent with a model in which chronic HIV-associated inflammation causes accelerated atherosclerosis in the bifurcation region, and that this process collectively contributes to excess cardiovascular risk associated with HIV infection. Carotid IMT studies in the HIV-infected population have yielded conflicting results. Initial reports showed that HIVinfected individuals on antiretroviral therapy and uninfected controls with similar metabolic disturbances had similar levels of IMT, as assessed by the right common carotid artery. 31 In the ACTG 5078 study, no difference in IMT was detected among HIV-infected individuals and well-matched controls either at baseline 7 or over time. 32 All of these studies focused on assessment of the common carotid artery exclusively. In contrast, prior studies from our group (which included all segments) showed that HIV-infected individuals had higher IMT at baseline and at 1-year follow-up compared to controls. 5 Both HIV infection and antiretroviral therapy were found to be associated with higher IMT in another large study; 4 interestingly, the differences between HIV-infected and -uninfected groups were greatest in the carotid bifurcation region. Investigators from the FRAM study found that there was a stronger association of HIV infection with carotid IMT in the internal and bifurcation region than the common carotid. 6 In the Women's Interagency HIV Study, when only the common carotid artery was assessed, no difference in mean IMT was found between HIV-infected and uninfected controls; however, frequency of carotid lesions, which included measurements of the internal and bifurcation region, was significantly increased among individuals with more advanced HIV disease. 8 Our study extends these latter cross-sectional observations by showing differential progression of IMT over time. Individuals with HIV infection may be exposed to the effects of HIV for a much smaller proportion of their lifetime compared to chronic traditional risk factors such as cigarette smoking. As a result, in cross-sectional studies, the effects of HIV may be less prominent than other traditional risk factors, because the outcome measure is the absolute amount of IMT. This is in contrast to studies of IMT progression, which begin when the individuals is already infected with HIV and may allow more insight into the direct effects of HIV infection. Recently, in the SUN study, HIV-infected individuals with suppressed viral loads had decreased IMT progression assessed in the common carotid artery. 33 The clinical implications of our observations remain to be defined. Early pathology studies have established that atherosclerotic lesions occur at vascular branch points. 34, 35 More specifically, among individuals without HIV infection, atherosclerotic lesions appear to occur at the carotid artery bifurcation. 9, 36, 37 Vascular branch points are associated with low endothelial shear stress, which likely enhances atherogenesis through multiple mechanisms. [9] [10] [11] [12] [13] [37] [38] [39] [40] [41] Importantly, low endothelial shear stress may increase vascular susceptibility to the effects of chronic inflammation, perhaps by causing upregulation of adhesion molecules, chemokines, and pro-inflammatory cytokines. 16 Our observation that changes in IMT are localized to areas known to be susceptible to the atherogenic effect of inflammation is broadly consistent with the observations that markers of inflammation are elevated in HIV disease and associated with cardiovascular events. 18, 42 Among individuals without HIV infection in the Framingham Offspring Study, IMT of the internal carotid but not the common carotid significantly improved cardiovascular risk prediction, and authors of this study suggest that IMT of the internal carotid should be measured in addition to common carotid artery. 43 Similar to our study, a single sonographer was used to perform all of the scans. Future studies will be needed to determine whether or We also explored the association of HIV-associated factors on IMT progression. To address this question, we have recruited a large number of individuals who have long-term HIV infection, but lack evidence of high-level viral replication and are not receiving potentially toxic antiretroviral drugs (elite controllers). As we previously reported, the elite controllers in this study had at baseline relatively high levels of overall IMT (indeed, the degree of IMT was comparable to that in the prototypic long-term treated HIV-infected subject). 21 Our current study extends these finding and shows that elite controllers have faster rates of progression than HIV-uninfected controls, suggesting that HIV disease factors independent of treatment exposure, high-level viremia, and advanced immunodeficiency contribute to this process over time. We also found that optimally treated patients (ie, those with uninterrupted antiretroviral use maintaining an undetectable viral load) had no attenuation in the rate of progression in the bifurcation region. This finding suggests that fully effective therapy for HIV infection does not completely restore the rate of IMT progression to what is observed among uninfected controls.
Our study has several important limitations. Although this is a single-center study that allowed us to have great control over the imaging quality and imaging protocol, we recognize that accurate measurement of the carotid bifurcation region as well as internal carotid regions may be challenging for multicenter studies. An additional study limitation was that most of our covariates were measured only at baseline, which limited our ability to assess the effects of changes in risk factors and disease characteristics on IMT progression. An additional limitation is that our control group was much smaller than our HIV-infected group. However, our finding of greater IMT levels among HIV-infected individuals at baseline compared to controls is consistent with previous studies including the larger FRAM study 6 and the study by Lorenz et al. 4 Although some imaging protocols exclude plaques from IMT assessments, we measured IMT whether or not plaque was present which is the same method endorsed by the American Society of Echocardiography 26 , large observational cohorts, 44 and clinical trials using IMT as the end point. 45 For the purposes of our study, the distinction between plaque and IMT was not critical as we were evaluating IMT as a vascular marker of cardiovascular risk, and IMT in the presence or absence of plaque is an independent predictor of increased risk. Although there were differences in baseline characteristics between our HIVinfected and control participants, we found that levels of IMT and rates of progression remained increased in HIV-infected persons even after multivariable adjustment for demographic and traditional CVD risk factors. As is true with any observational study, unmeasured confounders may be present among our HIV-infected individuals, which distinguish them from uninfected controls, although we tried to adjust for all of the known risk factors. 
